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5Leibniz-Institut für Gemüse- und Zierpflanzenbau (IGZ), Großbeeren 14979 Germany
6Department of Crop and Soil Sciences, Washington State University, Pullman, WA 99164 USA
7Molecular Plant Sciences Graduate Program, Washington State University, Pullman, WA 99164 USA
8Department of Biological Sciences, The University of Tokyo, Tokyo 119-0033, Japan
9Present address: International Research Organization for Advanced Science and Technology, Kumamoto University, Kumamoto 860-8555,
Japan
10Lead Contact

*Correspondence: david.favero@riken.jp

https://doi.org/10.1016/j.cub.2020.02.017
SUMMARY

Upon detecting abiotic or biotic stress, plants gener-
ally reduce their growth, enabling resources to be
conserved and diverted to stress response mecha-
nisms. InArabidopsis thaliana, the AT-hookmotif nu-
clear-localized (AHL) transcription factor family has
been implicated in restricting rosette growth in
response to stress. However, the mechanism by
which AHLs repress growth in rosettes is unknown.
In this study, we establish that SUPPRESSOR OF
PHYTOCHROME B4-#3 (SOB3) and other AHLs
restrict petiole elongation by antagonizing the
growth-promoting PHYTOCHROME-INTERACTING
FACTORs (PIFs). Our data show that high levels of
SOB3 expression lead to a short-petiole phenotype
similar to that conferred by removal of PIF4.
Conversely, the dominant-negative sob3-6 mutant
has long petioles, a phenotype which is PIF-depen-
dent. We further show that AHLs repress the expres-
sion of many PIF-activated genes, several of which
are involved in hormone-mediated promotion of
growth. Additionally, a subset of PIF-activated,
AHL-repressed genes are directly bound by both
SOB3 and PIFs. Finally, SOB3 reduces binding of
PIF4 to shared target loci. Collectively, our results
demonstrate that AHLs repress petiole growth by
antagonizing PIF-mediated transcriptional activation
of genes associated with growth and hormone path-
ways. By elucidating a mechanism via which the
stress-responsive AHL transcription factor family in-
fluences growth in petioles, this study identifies a key
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step in the gene regulatory network controlling leaf
growth in response to the environment.

INTRODUCTION

As sessile organisms, plants rely heavily on growth and develop-

mental plasticity to respond to external challenges threatening

their survival. A complex network of hormone and other signaling

pathways enables plants to respond appropriately to a wide va-

riety of different types of stress, including low nutrient levels,

drought, excess light, and pathogen attack [1, 2]. Many types

of stress provoke a reduction in plant growth, which enables

the conservation of resources that may be scarce or needed

for mounting a defense response. Such tradeoffs between

growth and defense in plants are regulated by transcription fac-

tors like the PHYTOCHROME-INTERACTING FACTORs (PIFs),

which function as key positive regulators of growth and are

also associated with gene regulatory networks that coordinate

plant responses to the environment [3–7].

Work over the past few years, mainly in Arabidopsis thaliana

(Arabidopsis), has implicated the AT-hook motif nuclear local-

ized (AHL) family in both stress responses and regulation of

growth and development. AHLs are transcription factors, found

specifically in land plants, that are characterized by the presence

of two conserved regions: a plant and prokaryote conserved

(PPC) domain, involved in protein-protein interactions, and one

or two DNA-binding AT-hookmotif(s) [8–10]. Although themech-

anism(s) by which AHLs regulate transcription are not well estab-

lished, findings from several studies suggest that they may

affect target gene expression by recruiting chromatin modifiers

[11–15]. AHLs affect hypocotyl growth [9, 15–19], floral transition

[12, 13, 19, 20], inflorescence and flower development [21–25],

senescence [11], vascular tissue patterning [26], and immunity

[27, 28], and their transcription is known to be activated by a
ors. Published by Elsevier Inc.
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Figure 1. SOB3 Represses Petiole Growth

(A) Representative juvenile rosettes of mutants for

SOB3 and PIF4 and the wild-type (WT), Col-0.

Scale bar equals 10 mm.

(B and C) Quantification of leaf 4 petiole lengths (B)

and lengths of cortex cells in leaf 4 petioles (C) for

21-day-old plants of the genotypes pictured in (A).

Bar graph values represent means of measured

petiole lengths (B) or cell lengths (C) for each ge-

notype and error bars represent SEM. Different

letters indicate significant differences based on

one-way ANOVA with Tukey’s HSD test (p <

0.001).

(D) Microscopic images of representative cortex

cells viewed from the abaxial side of leaf 4 petioles

from WT, sob3-6, SOB3-D, and pif4-101. Scale

bar, 100 mm.

See also Figure S1.
variety of different types of stress [29–31]. Furthermore, a recent

study inArabidopsis found that AHL10 is activated via phosphor-

ylation in response to moderate drought stress, where it restricts

rosette biomass accumulation via an unknown mechanism [29].

In this study, we sought to further investigate the effect of

AHLs on rosette growth by focusing on the petiole. Our findings

indicate that SUPPRESSOROF PHYTOCHROME B4-#3 (SOB3/

AHL29) and other AHLs repress petiole elongation by inhibiting

PIF-mediated transcriptional activation of growth-promoting

genes. Specifically, AHLs associate with similar loci as those tar-

geted by PIFs and reduce PIF binding to target genes. This study

thus reveals a mechanism by which PIF activity is modulated

within the gene regulatory network that regulates leaf growth in

response to both internal and external cues.

RESULTS

AHLs Repress Petiole Growth
In order to investigate the effect of AHLs on rosette growth, we

examined petiole phenotypes in mutants for SOB3 starting

with two previously characterized lines, SOB3-D and sob3-6

[9, 18]. We observed a short-petiole phenotype in SOB3-D,

which has high SOB3 expression, while the dominant-negative

sob3-6 mutant has increased petiole growth (Figures 1A and

1B). In addition to sob3-6, we also observed enhanced petiole

growth in esc-11 (Figure S1A), a dominant-negative mutant for

SOB3’s closets homolog, ESC (also known as AHL27) [9]. Taken

together, these results indicate that AHLs repress petiole

growth. We next investigated whether AHLs influence cell

expansion or cell division in petioles by measuring the lengths
Current B
of cortex cells in the middle region of pet-

ioles where these cells could be easily

observed in unstained petioles using

bright-field microscopy. No significant

difference in cell size was observed be-

tween the wild-type and sob3-6 petioles

(Figures 1C and 1D), indicating that the

long-petiole phenotype in sob3-6 is the

result of increased cell division. SOB3-D,

on the other hand, exhibits a 26%
decrease in average cell size compared with the wild-type. How-

ever, this change in cell size does not fully explain the 43%

reduction in petiole length for SOB3-D compared with the wild-

type (Figure 1B), suggesting that both cell expansion and cell

number are altered in this mutant. Taken together, these results

suggest that AHLs affect both cell elongation and cell division in

petioles. However, as cortex cells near both the base of the

petiole and the petiole-blade junction are difficult to observe

using this approach, we only measured cell size in the middle re-

gion of the petiole. Therefore, this left open the possibility that

differences in cell size at either end of the petiole cause the

sob3-6 phenotype. To address this issue, we next measured

cell size in calcoflour white-stained petioles observed with a

confocal microscope. Despite measuring cells along the entire

length of the petiole using this approach, we still observed no in-

crease in cell size for sob3-6 (Figure S1B). However, a significant

increase in cell numbers was observed for petioles of sob3-6

compared with the wild-type (Figure S1C). This finding further

supports the hypothesis that the sob3-6 long-petiole phenotype

is caused completely by increased cell division rather than

enhanced cell growth. Also in agreement with the results ob-

tained from the first experiment, cell size and number are both

reduced in SOB3-D compared with the wild-type (Figures S1B

and S1C). Therefore, we conclude that cell growth and division

are both affected by AHLs in petioles.

AHLs Directly Repress Genes Associated with Growth
and Development
Because AHLs are known to regulate gene transcription [9, 12,

13, 16, 25], we sought to identify genes downstream of these
iology 30, 1454–1466, April 20, 2020 1455



transcription factors that could be responsible for the petiole

phenotypes described above. Therefore, we examined gene

expression in juvenile rosettes of SOB3-D and sob3-6 grown in

long days (16 h light/8 h darkness) and harvested 4 h after lights

on (ZT4), which is approximately the time when elongation

growth in the leaf is maximal (Data S1) [32]. RNA sequencing

(RNA-seq) analysis identified 3,851 AHL-regulated genes differ-

entially expressed between SOB3-D and sob3-6 (Data S1A and

S1B). Among these, we observed that the number of AHL-

repressed genes (2,443) is nearly double that of AHL-induced

genes (1,408). Gene ontology (GO) enrichment analysis indi-

cated that among AHL-repressed genes, the terms ‘‘cellular

process,’’ ‘‘multicellular organismal process,’’ ‘‘anatomical

structure development,’’ and ‘‘developmental process’’ are the

most highly enriched (Data S1C). On the other hand, themost en-

riched GO terms among AHL-induced genes include ‘‘response

to stimulus,’’ ‘‘response to abiotic stimulus,’’ ‘‘response to

chemical stimulus,’’ and ‘‘response to stress’’ (Data S1D). Taken

together, these results suggest that AHLs activate stress re-

sponses while repressing growth.

Next, in order to identify direct downstream targets of

AHLs, we analyzed genome-wide binding of SOB3 in planta

(Data S2). Chromatin immunoprecipitation followed by

sequencing (ChIP-seq) was performed using the previously

published ProSOB3::SOB3-GFP sob3-4 line [16]. This ChIP-

seq analysis revealed binding of SOB3 to 9,980 loci (Data

S2A). Consistent with the role of SOB3 as a transcription factor,

the majority of binding events (52.4%) occur within �1 kb

to +100 bp of a transcription start site (Promoter-TSS category

in Figure 2A). Conversely, few binding events are observed in

gene bodies, with only 5.1% of binding events occurring in in-

trons and 1.4% in exons (Figure 2A). Annotation of ChIP-seq

peaks identified a set of 7,427 SOB3-bound genes (Data S2A

and 2B). Out of the AHL-repressed genes identified from

RNA-seq, about 25% were also identified as SOB3-bound

genes, suggesting that these 667 genes are directly repressed

by SOB3 and possibly other AHLs (Figure 2B; Data S2D). When

compared with AHL-repressed genes, a higher proportion

(approximately 50%) of AHL-induced genes were identified as

direct targets (Figure 2C; Data S2E). However, the total number

of AHL-induced, SOB3-bound genes (719) does not differ dras-

tically from the number of direct-target AHL-repressed genes,

indicating that these transcription factors can act as both acti-

vators and repressors. Among genes directly repressed by

AHLs, the GO terms ‘‘developmental process,’’ ‘‘anatomical

structure development,’’ and ‘‘multicellular organismal pro-

cess’’ are the most highly enriched (Figure 2D; Data S2F).

Terms consistent with the petiole growth phenotypes observed

for SOB3-D and sob3-6 (Figure 1) are also enriched, including

‘‘response to auxin stimulus,’’ ‘‘regulation of cell size,’’ and

‘‘response to brassinosteroid stimulus’’ (Figure 2D; Data S2F).

‘‘Response to stimulus,’’ ‘‘response to chemical stimulus,’’

and ‘‘response to abiotic stimulus’’ are the most highly enriched

among AHL-induced direct targets (Figure 2E; Data S2G). Inter-

estingly, the term ‘‘response to light stimulus’’ is enriched

among both AHL-repressed and AHL-induced direct targets

(Figures 2D and 2E; Data S2F and S2G). This finding is consis-

tent with previous reports of light-dependent hypocotyl pheno-

types in ahl mutants [17–19].
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Next, in order to identify candidate cis elements bound by

SOB3, we used DREME to conduct ab initio motif enrichment

analysis [33] (Figure 2F; Data S2H). Interestingly, GGHCCA,

which resembles motifs bound by TCP transcription factors

[34–37], was identified as the most enriched motif (Figure 2F;

Data S2H and S2I). Such a motif is likely bound by TCPs found

in the same protein-DNA complex with SOB3, as it has been re-

ported that AHLs and TCPs interact physically, and, further, that

these interactions are biologically relevant in the context of hypo-

cotyl growth [9, 38]. Therefore, the strong enrichment of this

motif in regions bound by SOB3 strongly suggests that our

ChIP-seq data are of good quality. On the other hand, the

third-ranked motif, AWATAWTA, is a solid candidate for SOB3

binding, as it resembles sequences known to be bound by other

members of the AHL family [34, 35] (Figure 2F; Data S2H and

S2I). Further, the AT-hook, by which AHLs bind DNA [8, 9, 12,

25], is known to bind selectively to sequences containing A-T

base pairs [39, 40]. Finally, AWATAWTA is highly centrally en-

riched within the 300 bp regions surrounding the summits of

ChIP-seq peaks identified for SOB3-GFP (Figure S2) [41], further

supporting the hypothesis that this motif is a binding site for

SOB3. Three additional motifs identified via DREME, TAA-

TAWTA, AWTAAATA, and ABAAAATA, also contain mainly A-T

base pairs and exhibit strong central enrichment (Data S2H;

Figure S2), indicating these motifs are also good candidates

for cis-elements bound by SOB3.

AHLs and PIFs Have Opposite Effects on Petiole Growth
The second-ranked motif from enrichment analysis, CACRYG,

resembles sequences bound by bHLH transcription factors,

including MYCs and PIFs [34, 35, 42–47] (Data S2H and S2I).

Given that PIFs are known to promote petiole elongation by acti-

vating auxin signaling [4, 48], we hypothesized that AHLsmay in-

fluence petiole growth by antagonizing PIFs. Loss-of-function pif

mutants, including pif4-101, are known to exhibit reduced

petiole elongation [3, 4, 48, 49]. Strikingly, we found that in our

growth conditions, pif4-101 has short petioles and reduced cell

length, which both resemble SOB3-D phenotypes (Figures 1,

S1A, and S1B). These data indicate that PIF4 promotes petiole

growth at least in part by enhancing cell expansion. This result

is unsurprising considering that PIFs have long been thought to

promote hypocotyl elongation by enhancing cell growth [5, 45,

50]. More interestingly, we also observed that pif4-101 petioles

exhibit a decrease in cell numbers, indicating that PIFs can

also promote organ growth by increasing cell division (Fig-

ure S1C). Finally, our observations that SOB3-D and pif4-101

have comparable effects on petiole length, cell growth, and

cell number (Figures 1 and S1) collectively suggest that AHLs

may inhibit growth by repressing PIF activity.

AHLs Repress PIF-Activated Genes
Wenext investigated whether PIFs oppositely regulate any of the

genes identified above as AHL-regulated genes. In order to

generate a list of PIF-regulated genes in juvenile rosettes,

RNA-seq was performed in the pif4 pif5 pif7 triple mutant [48],

which exhibits a similar short-petiole phenotype as pif4-101 in

our growth conditions (Figure S1A; Data S3). 336 and 79 genes

were identified as induced and repressed by PIFs, respectively

(Data S3A and S3B). Interestingly, among PIF-induced and



Figure 2. AHLs Directly Repress Genes Associated with Growth and Development

(A) Distribution of SOB3 binding sites determined from ChIP-seq data based on annotations obtained using HOMER software. ‘‘Promoter-TSS’’ is defined as

�1,000 bp to +100 bp in relation to the transcription start site. ‘‘TTS’’ is defined as �100 bp to +1,000 bp in relation to the transcription termination site.

(B and C) Overlap between genes bound by SOB3, based on ChIP-seq data, and those repressed (B) or induced (C) by AHLs, based on RNA-seq data.

(D and E) Top 40 enriched GO terms for genes bound by SOB3 and also repressed (D) or induced (E) by AHLs.

(F) Top 5 enriched motifs in the 100 bp regions surrounding SOB3 peaks, as determined using DREME [33].

See also Figure S2, Data S1, and S2.
PIF-repressed genes, we observed an enrichment of AHL-

repressed and AHL-induced genes, respectively (Figures 3A

and 3B). Among 336 PIF-induced genes, approximately 40%

(134 genes) are also included in the list of AHL-repressed genes

at the same time point (Figure 3A; Data S4A). A similar proportion

of PIF-repressed genes are also induced by AHLs (43%, 34 of 79

genes) (Figure 3B; Data S4B). GO analysis revealed that among

PIF-induced AHL-repressed genes, the GO terms ‘‘response to

auxin stimulus,’’ ‘‘response to stimulus,’’ ‘‘response to organic
stimulus,’’ and ‘‘response to hormone stimulus’’ are the most

highly enriched (Figure 3C; Data S4C). Further, among the list

of PIF-induced AHL-repressed genes, several have been previ-

ously identified as direct targets of PIFs, including 1-AMINO-

CYCLOPROPANE-1-CARBOXYLATE SYNTHASE 8 (ACS8),

ARABIDOPSIS THALIANA HOMEOBOX PROTEIN 2 (ATHB2),

INDOLE-3-ACETIC ACID INDUCIBLE 19 (IAA19), IAA29,

LONGIFOLIA 1 (LNG1), and YUCCA8 (YUC8) (Data S4A)

[42, 45, 51–58]. Other enriched terms consistent with the petiole
Current Biology 30, 1454–1466, April 20, 2020 1457



Figure 3. AHLs Repress PIF-Activated Genes

(A and B) Overlap between PIF-induced and AHL-repressed genes (A) or between PIF-repressed and AHL-induced genes (B), based on RNA-seq data. Sig-

nificance of overlap between sets of differentially expressed genes was evaluated using the hypergeometric test.

(C) Top 30 enriched GO terms for PIF-induced AHL-repressed genes from (A).

(D) Overlap between genes bound by SOB3, genes bound by PIF4 and/or PIF5, and PIF-induced AHL-repressed genes from (A). SOB3-bound genes were

identified based on our ChIP-seq data. PIF4- and PIF5-bound genes were identified based on our analysis of previously published ChIP-seq data [42, 45].

(E) Distribution of SOB3, PIF4, and PIF5 binding, based on the ChIP-seq data described above, for genes which are bound by SOB3 plus PIF4 and/or PIF5.

(F and G) Distribution of SOB3 and PIF4 (F) or PIF5 (G) binding within the 2,000 bp regions surrounding summits of peaks identified from our SOB3 ChIP-seq data

that are associated with genes also bound by the specified PIF.

(H and I) Binding of SOB3, PIF4, and PIF5 to loci associated with ATHB2 (H) or ACS8 (I), based on the ChIP-seq data described above. Black lines indicate

positions of genes with attached arrows denoting transcription start sites.

(J and K) Binding of PIF4-myc to ATHB2-associated (J) or ACS8-associated (K) loci, based on ChIP-qPCR data. Positions of primers relative to the ATHB2 and

ACS8 genes are depicted by brown bars in (H) and (I), respectively. Bar graph values represent means of two biological replicates for each genotype and error

bars represent SEM.

See also Figure S3, Data S3, and S4.
phenotypes observed in ahl and pif mutants include ‘‘cell

growth,’’ ‘‘response to light stimulus,’’ and ‘‘auxin polar trans-

port’’ (Figure 3C; Data S4C). On the other hand,HY5-HOMOLOG

(HYH), which is known to repress growth in hypocotyls grown un-

der blue light [59], is among the PIF-repressed AHL-induced
1458 Current Biology 30, 1454–1466, April 20, 2020
genes (Data S4B). These results indicate that AHLs oppositely

affect the transcription of many PIF-regulated genes.

We also investigated whether SOB3 and PIFs bind to similar

sets of genes. To this end, we re-analyzed previously pub-

lished ChIP-seq data for PIF4 [45] and PIF5 [42], using the



same analysis pipeline as we did for our SOB3 ChIP-seq data.

Based on these data, we identified 3,189 genes bound by PIF4

and/or PIF5 (Data S4D and S4E), a substantial proportion

(1,998 genes = 63%) of which are also bound by SOB3 based

on our ChIP-seq data (Figures 3D and S3A; Data S4F). We

next investigated whether SOB3 and PIFs bind to similar loci

associated with genes which are bound by both transcription

factors. All three transcription factors exhibit similar distribu-

tions of binding to genes that are bound by both SOB3 and

PIFs, with binding frequently observed in the promoter region,

particularly just upstream of the transcription start site (TSS)

(Figure 3E). In order to further investigate the overlap between

SOB3 and PIF binding sites, we investigated whether PIF

binding is enriched in the 2,000 bp regions surrounding the

summits of SOB3 ChIP-seq peaks associated with genes

that are bound by both transcription factors. Based on these

analyses, we found that binding of both PIF4 (Figure 3F) and

PIF5 (Figure 3G) is substantially enriched in the vicinity of

SOB3 peak summits. These results indicate that SOB3 and

PIFs bind preferentially to similar regions in genes that are

bound by both transcription factors. Therefore, AHLs may

affect petiole growth by directly binding to PIF-regulated

genes and antagonizing the ability of PIFs to exert their effect

on gene transcription. To test this hypothesis, we compared

the RNA-seq and ChIP-seq data. Among genes bound by

SOB3 plus PIF4 and/or PIF5, we found that 34 are also PIF-

induced and AHL-repressed based on the RNA-seq data (Fig-

ure 3D; Data S4G). This is substantially more than the number

of transcribed SOB3- and PIF-bound genes expected by

chance to be both induced by PIFs and repressed by AHLs

(Figure S3B). Several of these 34 genes are associated with

growth and auxin transport, homeostasis, or response,

including ATHB2, GRETHCEN HAGEN 3.6 (GH3.6), IAA19,

NAKED PINS IN YUC MUTANTS 1 (NPY1), PIN-FORMED 3

(PIN3), SMALL AUXIN UP RNA 24 (SAUR24), YUC8, and

WALLS ARE THIN 1 (WAT1) (Data S4G; Figures 3H, S3C,

and S3D) [51, 52, 60–70]. Notably, another gene included in

this list encodes PLASMA MEMBRANE PROTON ATPASE 2

(AHA2), which is activated at the protein level by SAURs and

enhances cell growth by directly promoting acidification of

the apoplast [61]. Brassinosteroids and ethylene are known

to promote petiole growth [71, 72], and we also found genes

associated with brassinosteroid perception (BRI1) [73] and

ethylene biosynthesis (ACS8) [74] in the list of PIF-induced

AHL-repressed genes bound by both transcription factors

(Data S4G; Figure 3I). In order to confirm that PIF4 is able to

bind to some of these targets in our experimental conditions

and at the time point used for our RNA-seq experiment, we

next performed ChIP-qPCR using a ProPIF4::PIF4-myc line.

Our ChIP-qPCR results indicate that PIF4 binds to loci associ-

ated with ACS8, ATHB2, SAUR24, and YUC8 in long day-

grown juvenile rosettes at ZT4 (Figures 3H–3K and S3C–

S3F). Collectively, these data suggest that SOB3 modulates

petiole growth by directly repressing the transcription of genes

activated by PIFs, particularly those associated with hormone

signaling pathways. Further, our results suggest that SOB3

exerts its effect on growth mainly by acting on hormone

signaling pathways, rather than by directly affecting genes

involved in regulation of cell growth and proliferation.
The Effect of SOB3 on Petiole Growth Is Dependent
on PIF4
In order to further test the hypothesis that AHLs influence growth

by antagonizing PIF activity, we crossed sob3-6 into two loss-of-

function mutants for PIF4, pif4-101 [49], and pif4-2 [75]. We

observed no significant increase in petiole growth for the pif4-

101 sob3-6 and pif4-2 sob3-6 double mutants compared with

their respective pif4 single mutants (Figures 4A and 4B). This in-

dicates that a reduction in PIF activity abolishes the ability of

sob3-6 to confer enhanced growth, consistent with the idea

that SOB3 modulates petiole elongation by antagonizing PIF-

mediated transcriptional activation. Similarly, we observed that

the removal of PIF4 is epistatic to sob3-6 regarding the expres-

sion of four genes directly regulated by SOB3 and PIFs, ACS8,

ATHB2, CAD7, and NPY1 (Data S4G; Figures 3H–3K and 4C).

Although the expression of these genes is elevated in sob3-6,

transcript levels are similarly depleted compared with the wild-

type in both pif4-101 and pif4-101 sob3-6. One potential expla-

nation for the epistatic nature of pif4mutants over sob3-6 is that

AHLs repress PIF transcription. However, according to our RNA-

seq data, out of the sixPIFs known to promote elongation growth

[6, 55, 76, 77], PIF3, PIF4, PIF5, PIF7, and PIF8 transcript levels

are not significantly altered in SOB3-D or sob3-6, while PIF1

expression is altered in a manner consistent with transcriptional

activation by AHLs (Data S1E–S1G). Therefore, these results

indicate that, at least under the growth conditions used for our

phenotypic analyses, AHLs do not repress petiole growth by in-

hibiting PIF transcription. Another possibility is that AHLs affect

PIF4 accumulation at the protein level. In order to test this pos-

sibility, we generated a ProPIF4::PIF4-myc XVE::SOB3 line, in

which SOB3 expression can be induced by addition of

17b-estradiol (Figure S4A). PIF4-myc protein levels were then

examined, using an anti-myc tag antibody, following SOB3 in-

duction (Figure 4D). We observed that nearly 70% less of the

PIF4-myc protein is detected in ProPIF4::PIF4-myc XVE::SOB3

compared with ProPIF4::PIF4-myc following approximately two

days of growth on estradiol-containing medium, indicating that

SOB3 induction drastically inhibits PIF4 protein accumulation

(Figures 4D and 4E). This finding is further supported by the

observation that such a decrease in PIF4-myc protein is not

observed in mock-treated ProPIF4::PIF4-myc XVE::SOB3

plants (Figures 4D and 4E). We further investigated whether

this decrease in PIF4 protein could be due to an effect

of SOB3 induction on PIF4 transcription. In plants grown on

estradiol, we observed a 33% decrease in the PIF4 transcription

in ProPIF4::PIF4-myc XVE::SOB3 versus ProPIF4::PIF4-myc,

although this change is not quite significant (p = 0.0754; Fig-

ure S4B). Our ChIP-seq data additionally indicate that SOB3

can bind both upstream and downstream of PIF4 (Figure S4C;

Data S2A and S2B). These data suggest that SOB3 may

directly repress PIF4 transcription under certain conditions,

which may partially explain the decrease in PIF4-myc observed

in ProPIF4::PIF4-myc XVE::SOB3 grown on inducible medium

(Figures 4D and 4E).

SOB3 Reduces Binding of PIF4 to Target Loci
TheobservedbindingofSOB3andPIF4 tosimilar loci (Figures3E–

3K and S3C–S3F) suggests that potentially the two transcription

factors bind to DNA as a complex and engage in protein-protein
Current Biology 30, 1454–1466, April 20, 2020 1459



Figure 4. The Effect of SOB3 on Petiole

Growth Is Dependent on PIF4

(A and B) Petiole phenotypes indicate that pif4 is

epistatic over sob3-6. (A) Representative juvenile

rosettes for sob3-6, pif4, and pif4 sob3-6 mutants

as well as the WT, Col-0. Scale bar, 10 mm. (B)

Quantification of leaf 4 petiole lengths for 21-day-

old plants of the genotypes pictured in (A). Bar

graph values represent means of measured petiole

lengths for each genotype and error bars represent

SEM. Different letters indicate significant differ-

ences based on one-way ANOVA with Tukey’s

HSD test (p < 0.001).

(C) Gene expression data indicate that pif4 is

epistatic over sob3-6. Relative transcript levels of

ACS8, ATHB2, CAD7, and NPY1 in 14-day-old

juvenile rosettes measured by qRT-PCR. Bar

graph values represent means expressed as rela-

tive change compared with the WT and error bars

represent SEM. Different letters indicate significant

differences between genotypes based on one-way

ANOVA with Tukey’s HSD test (p < 0.05).

(D and E) SOB3 induction reduces PIF4-myc pro-

tein accumulation. (D) Representative western blot

images showing a decrease in PIF4-myc protein

following approximately two days of SOB3 induc-

tion. PIF4-myc was detected using an a-myc

antibody. The arrow denotes PIF4-myc protein,

while the dot indicates non-specific binding by the

a-myc antibody. a-Histone H3 was used as a

loading control for nuclear proteins. Numbers

indicate ratio of PIF4-myc/Histone H3 detected

relative to the ProPIF4::PIF4-myc sample. (E)

Quantitative data from three biological replicates,

where PIF4-myc levels were estimated using the

approach described in (D). Bar graph values

represent relative change in PIF4-myc/Histone H3

ratio compared with the ProPIF4::PIF4-myc samples and error bars represent SEM. Different letters indicate significant differences between genotypes based on

one-way ANOVA with Tukey’s HSD test (p < 0.01).

See also Figure S4.
interactionswith each other. Therefore, we next examined the po-

tential interaction between SOB3 and PIFs using yeast two-hybrid

(Y2H). However, no interaction was observed between SOB3 and

PIF4 in two different Y2H systems (Figures 5A and 5B, S5A, and

S5B). We also failed to observe an interaction between SOB3

and PIF5 (Figures 5A and 5B). Another possibility is that rather

than binding in a complex together with PIF4, SOB3 reduces

PIF4binding toDNA,whichwouldbeconsistentwith the observed

decrease in PIF4-myc protein following SOB3 induction (Figures

4D and 4E). Therefore, we examined the effect of SOB3 induction

on PIF4-myc binding to direct target genes via ChIP-qPCR.

Followingapproximately twodaysofgrowthon induciblemedium,

weobserved less binding of PIF4-myc to target genes inProPIF4::

PIF4-mycXVE::SOB3plants as comparedwith theProPIF4::PIF4-

myc control (Figures 5C and S5C). Consistent with the finding that

SOB3 reduces PIF4 protein accumulation (Figures 4D and 4E),

we observed decreased PIF4-myc binding both at loci bound

by SOB3, such those associated with ACS8 and ATHB2, and

at regions only bound by PIF4, as in the promoters of HIPP27

and BZIP75 (Figures 3H–3K, 5C, S3C–S3F, and S5C–S5E). How-

ever, a more substantial reduction in PIF4-myc binding was

observed at the loci bound by both types of transcription factors

as compared with those only bound by PIF4. This suggests
1460 Current Biology 30, 1454–1466, April 20, 2020
that SOB3 may further reduce PIF4 occupancy at these loci

by competing with PIFs for binding to similar DNA regions.

Collectively, our data point to a model whereby AHLs reduce

PIF occupancy of DNA, particularly at loci bound by both types

of transcription factors, thus repressing the transcription of

growth-promoting genes, and, consequently, petiole elongation

(Figure 5D).

DISCUSSION

In this study, we demonstrated that SOB3 and other AHLs influ-

ence petiole growth by reducing PIF binding to and transcrip-

tional activation of genes associated with hormone signaling

pathways (Figure 5D). Previouswork has indicated that SOB3 re-

presses auxin signaling by affecting transcription of YUC8,

involved in auxin biosynthesis, and members of the SAUR19

subfamily, which act downstream of the auxin signaling pathway

[16]. Our findings herein indicate that AHLs exert an additional

repressive effect on auxin signaling by inhibiting the transcription

of genes that affect auxin transport, including NPY1 [64–67]

(Data S4G; Figure 4C). We also obtained evidence suggesting

that AHLs can repress growth by suppressing ethylene produc-

tion via repression of ACS8 [74] (Data S4G; Figures 3I and 4C).



Figure 5. SOB3 Interferes with Binding of

PIF4 to Target Loci

(A and B) SOB3 does not interact with PIF4 or PIF5

in the Matchmaker Gold Yeast Two-Hybrid sys-

tem, while a positive interaction is detected with

HY5. Images depict the binding assay performed

on SD medium lacking tryptophan, leucine, histi-

dine, and adenine (A) or prior growth of the same

yeast on a control plate containing SD medium

without tryptophan and leucine (B). Only two or one

biological replicate(s) are shown for PIF4 or PIF5,

respectively, because of extremely low trans-

formation efficiencies in this system. PIF3-HYH

binding was used as a positive control.

(C) PIF4-myc binding to loci associated with

ATHB2 or ACS8 is reduced following approxi-

mately 2 days of SOB3 induction, based on ChIP-

qPCR data. Positions of primers relative to the

ATHB2 and ACS8 genes are depicted by brown

bars in Figures 3H and 3I, respectively. Bar graph

values represent means of two biological repli-

cates for each genotype and error bars represent

SEM. Percentages depict percent differences in

enrichment for ProPIF4::PIF4-myc XVE::SOB3

relative to ProPIF4::PIF4-myc.

(D) A model depicting how AHLs repress petiole

growth by reducing PIF occupancy at growth-

promoting genes, thus inhibiting their transcrip-

tional activation. Red vertical bars depict PIF

binding sites.

See also Figure S5.
Additionally, our finding that AHLs repress expression of the

brassinosteroid receptor-encoding BRI1 gene [73] (Data S4G)

provides further insight into a previously reported interaction be-

tween this hormone signaling pathway and the AHLs [17]. In

addition to their effect on PIF-mediated hormone signaling, we

also found that AHLs influence the expression of a large number

of genes not regulated by PIFs (Figures 3A and 3B). Therefore, an

important topic for future studies is investigating the biological

consequences resulting from the AHL regulation of PIF-indepen-

dent targets. It will be interesting to investigate, for example,

whether SOB3 can also repress growth by acting on PIF-inde-

pendent pathways.
Current B
Another important theme for future

studies is elucidating the precise molecu-

lar mechanism by which AHLs inhibit PIF-

mediated activation of gene transcription.

Our data suggest that AHLs may inhibit

PIFs via multiple mechanisms. First, in

some cases, AHLs may directly

inhibit the transcription of PIFs. SOB3

binds to the promoter of PIF4 as well as

immediately downstream of this gene,

and we observed a 33% decrease in

the expression of PIF4 in ProPIF4::PIF4-

myc XVE::SOB3 compared with Pro-

PIF4::PIF4-myc grown on estradiol-con-

taining medium (Figures S4B and S4C;

Data S2A and S2B). Additionally, SOB3

binds to PIF1, PIF3, PIF5, PIF7, and
PIF8, suggesting that in some cases, AHLs may also directly

regulate the transcription of these PIFs (Figure S4D; Data S2A

and S2B). However, it is important to note that an effect of

AHLs on PIF transcription does not account for the petiole phe-

notypes observed in sob3-6 and SOB3-D (Figures 1 and S1;

Data S1E–S1G). Data from our RNA-seq experiment, which

was performed under the same growth conditions as the pheno-

typic studies, indicate that none of the PIFs exhibit a substantial

decrease or increase in expression in SOB3-D or sob3-6,

respectively (Data S1E–S1G). The experiment investigating

PIF4 expression following induction of SOB3 (Figures S4A and

S4B), on the other hand, was performed using light with a higher
iology 30, 1454–1466, April 20, 2020 1461



fluence rate, in order to compensate for the fact that the Pro-

PIF4::PIF4-myc and ProPIF4::PIF4-myc XVE::SOB3 lines

contain extra copies of the PIF4 gene (See STAR Methods).

Therefore, one possibility is that SOB3, and potentially other

AHLs, specifically inhibit PIF transcription in plants growing in

light of higher fluence rates. However, our data also indicate

that AHLs likely inhibit PIF protein activity independently of their

effect on PIF transcription. In ProPIF4::PIF4-myc XVE::SOB3

compared with ProPIF4::PIF4-myc grown on inducible medium,

we observed a more dramatic reduction in the PIF4-myc protein

level and binding of this transcription factor to genes like ATHB2

and ACS8 than the change in PIF4 expression between these

two lines (Figures 4D and 4E, 5C, S4B, and S5C). Further,

PIF4-myc binding to target loci inProPIF4::PIF4-myc XVE::SOB3

is reduced more substantially at loci which are also bound by

SOB3 (Figures 3H, 3I, 5C, S3C, S3D, and S5C–S5E). This last

observation suggests that SOB3 binding at loci targeted by

both types of transcription factors can physically block PIF bind-

ing to DNA. Based on these observations, we propose that the

petiole phenotypes observed in SOB3-D and sob3-6 grown un-

der relatively dim light are because of a repressive effect of AHLs

on PIFs at the protein level (Figure 5D).

There are a few potential ways in which AHLs could affect

PIF activity. PIF protein stability is regulated by several different

mechanismsand factors [78]. Therefore, AHLsmay indirectly pro-

motePIF degradationbyaffecting the transcription of one ormore

factors that affect its stability. One possibility is that AHLs

promote PIF degradation by promoting BRASSINOSTEROID-

INSENSITIVE2 (BIN2)-mediatedphosphorylation,which is known

to promote degradation of PIF3 and PIF4 [79, 80]. Our RNA-seq

data indicate that BIN2 is upregulated in SOB3-D compared

withsob3-6 (DataS1E), andbindingofSOB3 to theBIN2promoter

was detected in our ChIP-seq data (Figure S4E; Data S2A and

S2B), indicating that AHLs promote transcription of this kinase.

Additionally, asmentionedpreviously,we found thatAHLsdirectly

repress the expressionofBRI1 (Data S4G). Therefore, AHLs could

alsopromotePIFphosphorylationanddegradationbyattenuating

BRI1-dependent degradation of the BIN2 kinase in response to

brassinosteroids [81]. Another possibility is that AHLs destabilize

PIFsbypromoting theexpressionofREPRESSOROFGA (RGA), a

DELLA protein which serves as a repressor of the gibberellic acid

(GA) signaling pathway [82–84]. DELLAs interact with PIFs,

including PIF4, and promote their degradation, while also inhibit-

ing their ability to bind DNA [50, 85, 86]. We observed enhanced

expression of RGA in SOB3-D compared with sob3-6, as well

as binding of SOB3 both upstream and downstream of this

gene (Figure S4F; Data S1E, S2A, and S2B). Collectively, these

data indicate that AHLsmay promote DELLA-mediated degrada-

tion and/or sequestration of PIFs by increasingRGA transcription.

It is further possible that AHLs reduce PIF4 stability by interfering

with its ability to activate target gene expression, as there is evi-

dence that this PIF is specifically stabilized by functioning as a

transcriptional activator [87]. There are a few potential ways in

which AHLs could directly interfere with PIF binding to target

loci, although the two types of transcription factors bind different

types of DNA sequences [8, 9, 12, 25, 39, 40, 42, 44–47]. Binding

of an AT-hook is known to induce bending in DNA [88]. Therefore,

one possibility is that AHL-DNA interactions simply contort loci

bound by PIFs, destabilizing the binding of these transcription
1462 Current Biology 30, 1454–1466, April 20, 2020
factors. Another mutually non-exclusive possibility is that AHLs

function as part of a transcriptional repressor complex together

with other transcription factors, which themselves also directly

regulate PIF direct targets, such as TCPs, BZR1, or HY5

[45, 89–93]. This seems like anespecially goodpossibility, consid-

ering that AT-hook motifs are known to bind promiscuously to

short stretches of AT base pairs [40], and, therefore, it is likely

that another factor is needed to target AHLs to specific loci. We

observed that motifs associated with TCP binding are enriched

inSOB3-bound regions (Figure 2F). Further, it hasbeenpreviously

shown that the sob3-6 long hypocotyl phenotype is completely

abolished in theTCP-deficient jaw-Dbackground [9, 94], suggest-

ing that TCPs could play a role in AHL-mediated repression of PIF

targets, possibly by targeting them to PIF-bound loci. Similar to a

previous report that AHLs and TCPs interact in Y2H [9], we found

that SOB3 can interact with HY5; however, we failed to detect an

interaction with BZR1 (Figures 5A, 5B, S5A, and S5B). Notably, it

has been shown thanHY5 and PIF1 antagonistically regulatePSY

expressionby competitively binding to aG-boxmotif located in its

promoter [89]. Further, there is evidence that YUC8 is regulated in

a similar antagonistic fashion by competitive binding of HY5 and

PIF4 to a region within the promoter where we also observed

the binding of both SOB3 and PIF4 in this study [90] (Figures

S3D and S3F). Therefore, it is possible that SOB3 forms a pro-

tein-DNAcomplex togetherwithHY5,whichcompetitively inhibits

binding of PIF4 to its target genes.

Finally, the AHL-focused work in this study together with

several previous findings [50, 79, 85, 95–105] have collectively

demonstrated that PIF activity is attenuated via multiple path-

ways, highlighting the remarkable complexity by which these

central regulators of growth are controlled. It is interesting to

note in this context that AHLs are activated in response to a va-

riety of different types of abiotic stress, including drought, salt,

and cold stress [29–31]. A suite of regulatory mechanisms for

PIFs likely enables stress-responsive factors, such as the

AHLs, to restrict plant growth when resources need to be di-

verted to any of a number of different types of stress responses.

This is analogous to DELLA-mediated inhibition of PIF activity,

which is promoted by the stress-responsive jasmonate signaling

pathway [106]. By affecting PIF activity, AHLs are ideally placed

to function as key components of gene regulatory networks,

controlling plant growth in response to a variety of external

stimuli.
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114. Ramı́rez, F., Ryan, D.P., Grüning, B., Bhardwaj, V., Kilpert, F., Richter,

A.S., Heyne, S., Dündar, F., and Manke, T. (2016). deepTools2: a next

generation web server for deep-sequencing data analysis. Nucleic

Acids Res. 44, W160–W165.

115. Machanick, P., and Bailey, T.L. (2011). MEME-ChIP: motif analysis of

large DNA datasets. Bioinformatics 27, 1696–1697.

116. Czechowski, T., Stitt, M., Altmann, T., Udvardi, M.K., and Scheible, W.R.

(2005). Genome-wide identification and testing of superior reference

genes for transcript normalization in Arabidopsis. Plant Physiol. 139,

5–17.

117. Cortijo, S., Charoensawan, V., Brestovitsky, A., Buning, R., Ravarani, C.,

Rhodes, D., van Noort, J., Jaeger, K.E., and Wigge, P.A. (2017).

Transcriptional regulation of the ambient temperature response by

H2A.Z nucleosomes and HSF1 transcription factors in Arabidopsis.

Mol. Plant 10, 1258–1273.

118. Inagaki, S., Takahashi, M., Hosaka, A., Ito, T., Toyoda, A., Fujiyama, A.,

Tarutani, Y., and Kakutani, T. (2017). Gene-body chromatin modification

dynamics mediate epigenome differentiation in Arabidopsis. EMBO J.

36, 970–980.

119. Rymen, B., Kawamura, A., Lambolez, A., Inagaki, S., Takebayashi, A.,

Iwase, A., Sakamoto, Y., Sako, K., Favero, D.S., Ikeuchi, M., et al.

(2019). Histone acetylation orchestrates wound-induced transcriptional

activation and cellular reprogramming in Arabidopsis. Commun Biol 2,

404.

120. Seo, P.J., Kim,M.J., Park, J.Y., Kim, S.Y., Jeon, J., Lee, Y.H., Kim, J., and

Park, C.M. (2010). Cold activation of a plasma membrane-tethered NAC

transcription factor induces a pathogen resistance response in

Arabidopsis. Plant J. 61, 661–671.

121. Clough, S.J., and Bent, A.F. (1998). Floral dip: a simplified method for

Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant

J. 16, 735–743.

122. Zuo, J., Niu, Q.W., and Chua, N.H. (2000). Technical advance: An estro-

gen receptor-based transactivator XVE mediates highly inducible gene

expression in transgenic plants. Plant J. 24, 265–273.

123. Kadota, Y., Macho, A.P., and Zipfel, C. (2016). Immunoprecipitation of

plasma membrane receptor-like kinases for identification of phosphory-

lation sites and associated proteins. Methods Mol. Biol. 1363, 133–144.

124. Arabidopsis Interactome Mapping Consortium (2011). Evidence for

network evolution in an Arabidopsis interactome map. Science 333,

601–607.

125. Chen, D., Xu, G., Tang, W., Jing, Y., Ji, Q., Fei, Z., and Lin, R. (2013).

Antagonistic basic helix-loop-helix/bZIP transcription factors form tran-

scriptional modules that integrate light and reactive oxygen species

signaling in Arabidopsis. Plant Cell 25, 1657–1673.

http://refhub.elsevier.com/S0960-9822(20)30190-1/sref93
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref93
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref93
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref93
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref94
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref94
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref94
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref95
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref95
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref95
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref95
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref95
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref96
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref96
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref96
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref97
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref97
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref97
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref98
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref98
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref98
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref98
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref99
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref99
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref99
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref100
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref100
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref100
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref100
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref100
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref100
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref101
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref101
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref101
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref102
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref102
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref102
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref103
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref103
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref103
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref104
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref104
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref104
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref105
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref105
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref105
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref105
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref105
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref106
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref106
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref106
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref106
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref106
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref107
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref107
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref107
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref108
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref108
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref108
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref109
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref109
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref109
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref110
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref110
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref110
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref111
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref111
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref111
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref112
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref112
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref112
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref113
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref113
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref113
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref113
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref114
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref114
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref114
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref114
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref115
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref115
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref116
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref116
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref116
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref116
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref117
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref117
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref117
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref117
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref117
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref118
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref118
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref118
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref118
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref119
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref119
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref119
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref119
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref119
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref120
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref120
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref120
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref120
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref121
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref121
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref121
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref122
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref122
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref122
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref123
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref123
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref123
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref124
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref124
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref124
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref125
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref125
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref125
http://refhub.elsevier.com/S0960-9822(20)30190-1/sref125


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-GFP antibody - ChIP Grade Abcam Cat# ab290; RRID: AB_303395

Anti-Myc tag antibody [9E10] - ChIP Grade Abcam Cat# ab32; RRID: AB_303599

Anti-Myc tag antibody [9E10] (HRP) Abcam Cat# ab62928; RRID: AB_955371

Anti-Histone H3 antibody - Nuclear Loading Control

and ChIP Grade (ab1791)

Abcam Cat# ab1791; RRID: AB_302613

Chemicals, Peptides, and Recombinant Proteins

b - Estradiol Wako Chemicals CAS 50-28-2

Calcofluor White Stain Fluka Cat# 18909

Critical Commercial Assays

RNeasy Plant Mini Kit QIAGEN Cat# 74904

KAPA Stranded mRNA-Seq Kit, with KAPA mRNA

Capture Beads

KAPA Biosystems Cat# KK8420

PrimeScript RT Reagent Kit with gDNA Eraser Takara Bio Cat# RR047A

THUNDERBIRD SYBR qPCR Mix Toyobo Cat# QPS-101

TruSeq ChIP Library Preparation Kit Illumina Cat# IP-202-1024

In-Fusion HD Cloning Kit Takara Bio Cat# 639648

Gateway LR Clonase II Enzyme Mix Thermo Fisher Scientific Cat# 11791020

Matchmaker Gold Yeast Two-Hybrid System Takara Bio Cat# 630489

Gateway BP Clonase II Enzyme Mix Thermo Fisher Scientific Cat# 11789020

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific Cat# Q32851

Qubit Protein Assay Kit Thermo Fisher Scientific Cat #Q33211

Deposited Data

RNA-seq data This paper; Gene Expression

Omnibus

GEO: GSE122454

SOB3-GFP ChIP-seq data This paper; Gene Expression

Omnibus

GEO: GSE122455

PIF4-myc ChIP-seq data [45]; Gene Expression Omnibus GEO: GSE35315

PIF5-myc ChIP-seq data [42]; Gene Expression Omnibus GEO: GSE35059

Source data used for figure generation This paper; Mendeley Data https://doi.org/10.17632/hp76dxbmwh.1

Experimental Models: Organisms/Strains

Arabidopsis: WT Col-0 N/A N/A

Arabidopsis: SOB3-D [18] N/A

Arabidopsis: sob3-6 [18] N/A

Arabidopsis: esc-11 [9] N/A

Arabidopsis: pif4-101 [49] GARLIC_114_G06

Arabidopsis: pif4-2 [75]; TAIR SAIL_1288_E07; CS66043

Arabidopsis: pif4 pif5 pif7 [48] N/A

Arabidopsis: ProSOB3::SOB3-GFP sob3-4 [16] N/A

Arabidopsis: pif4-101 sob3-6 This paper N/A

Arabidopsis: pif4-2 sob3-6 This paper N/A

Arabidopsis: ProPIF4::PIF4-myc This paper N/A

Arabidopsis: ProPIF4::PIF4-myc XVE::SOB3 This paper N/A

Oligonucleotides

Primers See Table S1 N/A

NEBNext Multiplex Oligos for Illumina New England Biolabs e.g. Cat# E7335
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pBA-PIF4-6xmyc This paper N/A

pER8-GW This paper N/A

pER8-GW-SOB3 This paper N/A

pDONR207-SOB3 This paper N/A

pDONR207-HY5 This paper N/A

pENTR223-BZR1 This paper N/A

pENTR223-PIF4 This paper N/A

pENTR223-PIF5 This paper N/A

pGBKT7-SOB3 This paper N/A

pGADT7-BZR1 This paper N/A

pGADT7-HY5 This paper N/A

pGADT7-PIF4 This paper N/A

pGADT7-PIF5 This paper N/A

pBTM116-GW-D9-SOB3 [9] N/A

pACT2-BZR1 This paper N/A

pACT2-PIF4 This paper N/A

Software and Algorithms

Bowtie [107] http://bowtie-bio.sourceforge.net/index.shtml

edgeR package in R/Bioconductor [108] https://bioconductor.org/packages/release/

bioc/html/edgeR.html

BINGO [109] http://apps.cytoscape.org/apps/bingo

MACS2 [110] https://pypi.org/project/MACS2/

Integrative Genomics Viewer [111, 112] https://software.broadinstitute.org/software/igv/

HOMER [113] http://homer.ucsd.edu/homer/

deepTools [114] https://deeptools.readthedocs.io/en/develop/

MEME-ChIP [115] http://meme-suite.org/tools/meme-chip

Real Statistics Resource Pack N/A http://www.real-statistics.com/

imageJ NIH https://imagej.nih.gov/ij/

Microsoft Excel Microsoft N/A

LAS X Leica https://www.leica-microsystems.com/products/

microscope-software/p/leica-las-x-ls/

Other

Agencourt AMPure XP Beckman Coulter Cat# A63881

Dynabeads Protein A Thermo Fisher Scientific Cat# 10002D

Dynabeads Protein G Thermo Fisher Scientific Cat# 10003D
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, David

Favero (david.favero@riken.jp). Plasmids and genetic material generated in this study will be available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions
The wild-type Arabidopsis thaliana (L.) accession used in this study was Columbia (Col-0), and all mutants and transgenic lines are in

this background. The pif4-101 sob3-6, pif4-2 sob3-6, ProPIF4::PIF4-myc, and ProPIF4::PIF4-myc XVE::SOB3 lines were generated

in this work (see ‘‘Preparation of Transgenic Lines andMutants’’ below). TheSOB3-D [18], sob3-6 [18], esc-11 [9], pif4-101 [49], pif4-2

[75], and pif4 pif5 pif7 [48] and ProSOB3::SOB3-GFP sob3-4 [16] lines were all published previously. All lines are homozygous for the

specified mutation or transgene.
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For most experiments, seeds were surface sterilized and sown on full-strength MS medium containing 0.6% Gelzan CM (Sigma-

Aldrich) and no sucrose. 0.8% Gelzan was used instead of 0.6% for ChIP-seq experiments. Seeds were stratified in darkness at 4�C
for 2-7 days. Plants for most experiments were grown in MLR-351 plant growth chambers (Sanyo) with a constant temperature of

22�C and a long-day photoperiod (16 h light/8 h darkness). 3LS was used for the light setting, resulting in white fluorescent light

with a fluence rate ranging from about 35-55 mmol/m2/sec. For the experiments testing the effect of SOB3 induction on PIF4 expres-

sion and both PIF4-myc binding and protein levels, plants were grown in an LH350-S growth chamber (NK System). Long-day pho-

toperiods were used with 4 as the light setting, resulting in white fluorescent light of about 230-260 mmol/m2/sec. Temperature was

maintained at approximately 22-24�C during the day and night. For these experiments, both ProPIF4::PIF4-myc and ProPIF4::PIF4-

myc XVE::SOB3 were grown on regular MS for 13 days and then transferred to medium containing 10 mM 17b-estradiol for approx-

imately two days. For mock-treated ProPIF4::PIF4-myc XVE::SOB3 samples, plants were instead transferred to medium containing

only the solvent, DMSO.

METHOD DETAILS

Petiole and cell measurements
For petiole length assays, leaf 4 petioles cut from 14 different 21-day-old plants were measured and the four shortest measurements

removed, giving n = 10 for each genotype. Petiole length was measured either directly using a digital caliper or on flatbed scanner-

generated JPEG format images using ImageJ version 1.51 s (National Institutes of Health, USA). Data were analyzed and graphs

generated using Microsoft Excel software. Petiole length assays were performed at least twice and results from one representative

experiment shown. For the first experiment measuring cell size only in the middle region of the petiole, images of petiole cortex cells

viewed from the abaxial side of the 4th true leaf were captured using bright-field microscopy on a BX53M microscope (Olympus).

Using ImageJ, ten consecutive cells in a single longitudinal cell file were measured in the middle region of petioles harvested from

ten different plants, giving n = 100 for each genotype. For measurement of cell size along the entire length of petiole, third and fourth

true leaves from 3-week-old plants were stained with Calcofluor White Stain (Fluka). An SP8 X confocal laser scanning microscope

(Leica) in tile scan mode was used to capture images of abaxial cortex cells along the entire length of the petiole. For each petiole, all

cells within one central file of cortex cells were then measured and counted using LAS X software (Leica). For each genotype, six

petioles were evaluated and the two with lowest cumulative cell lengths (i.e., the two shortest petioles) removed. Total number of

cells measured for each genotype is as follows: WT Col-0, n = 159; sob3-6, n = 202; SOB3-D, n = 97; pif4-101, n = 117.

mRNA extraction
Apical portions of 14- or 15-day-old plants (cut in hypocotyl) were harvested four h after dawn (ZT4) in triplicate (RNA-seq) or quadru-

plicate (qRT-PCR). Specifically, two to five plants were pooled together to obtain tissue for a single biological replicate with plants for

different biological replicates grown on different plates. Samples for different genotypes within the same biological replicate set were

harvested from the same plate(s), with an equal number of plants from any given plate used for each genotype. This experimental

design was used to minimize the impact of plate-to-plate variation on gene expression. Total RNA was extracted using the RNeasy

Plant Mini Kit (QIAGEN) according to manufacturer’s instructions, including on-column DNase digestion to eliminate genomic DNA.

RNA sequencing and data analysis
Isolated total RNA was subjected to library preparation using the KAPA Stranded mRNA-Seq Kit (Kapa Biosystems) with NEBNext

Multiplex Oligos for Illumina (New England Biolabs) used as adapters and Agencourt AMPure XP (Beckman Coulter) beads used

instead of KAPA Pure Beads. Single-end sequencing was performed using the Illumina NextSeq 500 platform. Raw data files (bcl

format) were converted to fastq files by bcl2fastq (Illumina). Over 85% of reads were mapped to the Arabidopsis TAIR10 cDNA refer-

ence using Bowtie 0.12.9 [107] with the following parameters: ‘–all–best–strata’. The total number of mapped reads per sample was

7-17 million. Differentially expressed transcripts between pairs of samples were identified using the edgeR package in R/Bio-

conductor [108] with an FDR cutoff of 0.05. AHL-regulated genes were defined as those for which at least one transcript was differ-

entially regulated between sob3-6 and SOB3-D, with any genes excluded for which a transcript was misregulated in the opposite

direction between sob3-6 or SOB3-D and the wild-type. PIF-regulated genes were simply defined as those for which at least one

transcript was differentially regulated between pif4 pif5 pif7 and thewild-type. GOenrichment analyseswere performed using BINGO

[109] in Cytoscape and associated figures generated using Multiple Experiment Viewer software. Venn diagrams were generated us-

ing an online tool available at http://bioinformatics.psb.ugent.be/webtools/Venn/. Raw and processedRNA-seq datawere deposited

into the Gene Expression Omnibus repository (GEO: GSE122454)

Real-time quantitative reverse transcription PCR
Total RNA extracted from apical portions of juvenile rosettes was subjected to first strand cDNA synthesis using the PrimeScript

RT Reagent Kit with gDNA Eraser (Takara Bio). Quantitative real-time PCR was performed in duplicate using the THUNDERBIRD

SYBR qPCR Mix (Toyobo) with the primers indicated in Table S1. Relative transcript quantities were calculated using standard

curves for each primer set and values normalized to the endogenous control, a gene encoding a SERINE/THREONINE PROTEIN

PHOSPHATASE 2A (PP2A) subunit (AT1G13320) [116].
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Chromatin immunoprecipitation sequencing
Chromatin immunoprecipitation for ChIP-seq was performed in duplicate as described previously with some modifications [117].

About 1 g of whole 14-day-old ProSOB3::SOB3-GFP sob3-4 [16] plants were harvested at ZT4 and immediately frozen using liquid

nitrogen. Samples were ground to a fine powder usingmortar and pestle and cross-linking performed in 1% formaldehyde for 10min,

after which the nuclear fraction was isolated. Chromatin suspended in nuclei lysis buffer (50 mM Tris-HCl [pH 8], 10 mM EDTA, 1%

SDS, 1 Roche cOmplete EDTA-free tablet/50 mL solution) was sheared using a Bioruptor (Diagenode) set to high power with 1.5 mL

TPXmicrotubes (Diagenode) cooled to approximately 4�C. Three sets of seven sonication cycles (30 s on/30 s off) were used, result-

ing in an average fragment size of approximately 200–400 bp. Sonicated chromatin was immunoprecipitated using an anti-GFP anti-

body (ab290, Abcam) and Dynabeads Protein A (Thermo Fisher Scientific) at 4�C. Following incubation with antibody, samples were

washed twice with low salt wash buffer (20 mM Tris-HCl [pH 8], 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), twice with

high salt wash buffer (20 mM Tris-HCl [pH 8], 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100), once with LiCl wash buffer

(10 mM Tris-HCl [pH 8], 250 mM LiCl, 1% IGEPAL CA-630, 1% sodium deoxycholate, 1 mM EDTA) and twice with TE buffer. Chro-

matin was eluted from Dynabeads at 65�C in a solution containing 100mMNaHCO3, and 1%SDS, and crosslinking was reversed by

addition of NaCl to a final concentration of approximately 200 mM. DNA was extracted using Agencourt AMPure XP beads at a 2X

ratio. Libraries were constructed from input or ChIPed DNA using the TruSeq ChIP Library Preparation Kit (Illumina) according to

manufacturer’s instructions, with the exception of the ‘‘Purify Ligation Products’’ step, which was skipped. Library quality was vali-

dated using the Agilant 2200 TapeStation with D1000 ScreenTape & Reagents. Qubit dsDNA HS Assay Kit was used with the Qubit

2.0 Fluorometer (Thermo Fisher Scientific) for quantitation of DNA. Single-end sequencing was performed using the Illumina NextSeq

500 platform.

ChIP-seq data analysis
Rawdata files (bcl format) for SOB3-GFPgenerated in this studywere converted to fastq files byBaseSpace SequenceHub (Illumina)

or bcl2fastq (Illumina). Over 70% of reads were uniquely mapped to the Arabidopsis TAIR10 reference using Bowtie 0.12.9 [107] with

the setting ‘‘-m 1.’’ The total number of uniquely mapped reads per sample was 13-16 million. Peaks were called by comparing ChIP

samples with the input using the ‘‘callpeak’’ command in MACS2 [110] with the following parameters: ‘‘-g 119480000 -m 2 50 -B–

SPMR -q 0.05.’’ Fold-enrichment bdg format peak files were generated by using the treatment pileup and control lambda output files

generated from ‘‘callpeak’’ as inputs for the MACS2 ‘‘bdgcmp’’ command with the setting ‘‘-m FE.’’ Peaks were viewed using Inte-

grative Genomics Viewer (IGV) version 2.3.88 [111, 112]. Visual comparison of peaks revealed similar trends between two SOB3-GFP

ChIP replicates. Since the signal to noise ratio was clearly higher for the first replicate, this dataset alone was used for subsequent

analyses. Peaks were annotated using HOMER [113]. ChIP-seq and input or mock raw data files (fastq format) for PIF4-myc (GEO:

GSE35315) [45], and PIF5-HA (GEO: GSE35059) [42] were obtained from GEO, and processed using the same pipeline as described

for SOB3-GFP above. Graphs depicting relative binding of transcription factors in relation to SOB3 peaks summits were generated

using the ‘‘computeMatrix’’ and ‘‘plotProfile’’ functions in deepTools [114]. Motif analysis was performed using MEME-ChIP [115]

with Arabidopsis PBM motifs selected as known motifs [34]. 300 bp nucleotide sequences centered at the SOB3-GFP ChIP-seq

peak summits were used as primary input sequences for MEME-ChIP analysis. Raw and processed ChIP-seq data for SOB3-

GFP were deposited into the Gene Expression Omnibus repository (GEO: GSE122455).

ChIP-qPCR
Chromatin immunoprecipitation for ChIP-qPCR was performed as described previously with minor modifications [118, 119]. At least

150 mg of whole 14- or 15-day-old plants were harvested at ZT4 and immediately frozen using liquid nitrogen. Samples were ground

to a fine powder using an MB1200 Multi-beads Shocker (Yasui Kikai) and cross-linking performed in 1% formaldehyde for 10 min,

after which the nuclear fraction was isolated. Chromatin suspended in SDS lysis buffer (50 mm Tris-HCl [pH 7.8], 1% SDS, 10 mM

EDTA) was diluted approximately five-fold with ChIP dilution buffer (50 mm Tris-HCl [pH 7.8], 0.167 M NaCl, 1.1% Triton X-100,

0.11% sodium deoxycholate, 1 Roche cOmplete EDTA-free tablet/50 mL solution) and sheared at 5�C for 15 min using a Covaris

S2 Focused-ultrasonicator with milliTUBE 1 mL AFA Fiber tubes (Covaris) and the following settings: duty cycle 5%, intensity 4,

and cycles per burst 200. This produced an average fragment size of approximately 100–300 bp. Sonicated chromatin was immu-

noprecipitated using an anti-myc tag antibody (ab32, Abcam) and Dynabeads Protein G (Thermo Fisher Scientific) at 4�C. Following

incubation with antibody, samples were washed once with low salt RIPA buffer (50 mM Tris-HCl [pH 7.8], 150mMNaCl, 1 mMEDTA,

0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate, 1 Roche cOmplete Ultra tablet/50 mL solution), twice with high salt RIPA

buffer (50 mMTris-HCl [pH 7.8], 500mMNaCl, 1 mMEDTA, 0.1%SDS, 1%Triton X-100, 0.1% sodium deoxycholate, 1 Roche cOm-

plete Ultra tablet/50 mL solution), once with LNDET (10 mM Tris-HCl [pH 7.8], 250 mM LiCl, 1% IGEPAL CA-630, 1% sodium deox-

ycholate, 1 mM EDTA) and once with TE buffer. Chromatin was eluted from Dynabeads and cross-linking reversed at 65�C in a so-

lution containing 10 mM Tris-HCl [pH 7.8], 300 mM NaCl, 5 mM EDTA and 0.5% SDS. Phenol-chloroform extraction followed by

ethanol precipitation was used to isolate DNA. Quantitative real-time PCR was performed in duplicate for each sample using the

THUNDERBIRDSYBRqPCRMix (Toyobo) with the primers indicated in Table S1. For each of two biologically independent chromatin

preps, ChIP was performed in triplicate and results averaged.
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Preparation of transgenic lines and mutants
The pif4-101 sob3-6 and pif4-2 sob3-6 doublemutantswere generated by crossing sob3-6 [18] with pif4-101 (GARLIC_114_G06) [49]

and pif4-2 (SAIL_1288_E07) [75], respectively. Double mutants were genotyped using PCR alone, for pif4-101 and pif4-2 alleles, or a

cleaved amplified polymorphic sequences (CAPS) marker, in the case of sob3-6 (Table S1). For pif4-101, primers PIF4-LP-1 and

PIF4-RP-1 were used to amplify the wild-type PIF4 allele, while PIF4-RP-1 and CSA110-LBs-3 were used for detecting pif4-101

(Table S1). For pif4-2, primers PIF4-LP-2 and PIF4-RP-2 were used to detect PIF4, while PIF4-RP-2 and CSA110-LBs-2 were

used to amplify the pif4-2 allele. For sob3-6, SOB3 was amplified using the primers SOB3F+XhoI and SOB3R+XhoI, and the PCR

product cut with FokI, which uniquely cleaves sob3-6, producing fragments of 215 bp and 694 bp. The ProPIF4::PIF4-myc line, which

was used in ChIP-qPCR experiments, was constructed by amplifying a 5.8 kb genomic fragment ofPIF4 including its promoter, using

primers PIF4-F+AvrII and PIF4-R+AscI (Table S1). The PCR product was digested using AvrII and AscI restriction enzymes and then

cloned into a modified 6xmyc-pBA vector [120], in which the CaMV 35S promoter was deleted. The resulting binary vector was used

for floral dipping [121] of WT Col-0 Arabidopsis. ProPIF4::PIF4-myc transgenic plants were isolated by Basta selection and propa-

gated to obtain homozygous single insertion lines. For generation of the ProPIF4::PIF4-myc XVE::SOB3 line, SOB3 was inserted

into amodified pER8 [122] plasmid containing a Gateway cassette (pER8-GW). The pER8-GWplasmid was produced by PCR ampli-

fication of a Gateway cassette with primers pER8-XhoI-GW-IF-F and pER8-SpeI-GW-IF-R (Table S1) followed by insertion of the

product into XhoI/SpeI-cut pER8 plasmid using an In-Fusion HD Cloning Kit (Takara Bio). The SOB3 coding sequence was then re-

combined into pER8-GW from the previously described entry vector pENTR/D-TOPO-SOB3 [18] using Gateway LR Clonase II

EnzymeMix (Thermo Fisher Scientific). The resultant pER8-GW-SOB3 binary vector was used for floral dipping [121] of homozygous

ProPIF4::PIF4-myc plants. ProPIF4::PIF4-myc XVE::SOB3 (pER8-GW-SOB3) transgenic plants were isolated by hygromycin selec-

tion and propagated to obtain homozygous single insertion lines.

Protein extraction and western blot
Protein isolation andwestern blottingwas performed in triplicate and as previously described [123], with somemodifications. 15-day-

old whole seedlings were frozen in liquid nitrogen, ground using an MB1200 Multi-beads Shocker (Yasui Kikai), and homogenized in

extraction buffer [50mM Tris–HCl pH 7.5, 150 mM NaCl, 10% glycerol, 2mM EDTA, 5 mM DTT, 2% (v/v) IGEPAL CA-630, 2mM

Sodiummolybdate, 2.5mMNaF, 1mMPMSF, 1mMSodium orthovanadate, and 1Roche cOmplete Ultra tablet/50mL solution]. After

incubation at 4�C for 30 min with gentle rolling, samples were sonicated using a Bioruptor (UCD-250, Cosmo Bio) for 20 s, then incu-

bated at 4�C for another 30 min. PMSF was added to the samples (final concentration of 2.44 mM), which were then centrifuged at

15310 x g at 4�C for 10 min. The supernatant was transferred to a new tube and then centrifuged at 15310 x g at 4�C for 10 min,

followed by another centrifugation step (total of 3 centrifugations at 15310 x g at 4�C for 10 min). Protein amount in the final super-

natant was quantified using the Qubit Protein Assay Kit with the Qubit 2.0 Fluorometer (Thermo Fisher Scientific) for quantitation of

DNA (Thermo Fisher). 15mg of protein was then used for SDS-PAGE. Anti-Histone H3 (ab1791, abcam) and anti-myc tag (ab62928,

abcam) antibodies were used for detection of proteins.

Yeast two-hybrid
For the data presented in Figures 5A and 5B, theMatchmaker Gold Yeast Two-Hybrid System (Takara Bio) was used according to the

manufacturer’s instructions. The coding sequences of SOB3 andHY5were amplified by PCR using the primers indicated in Table S1

and cloned into the entry vector pDONR207 using Gateway BP Clonase II Enzyme Mix (Thermo Fisher Scientific). For BZR1, PIF4,

and PIF5, the coding sequences were amplified by PCR using the primers indicated in Table S1. The resulting PCR products were

cleaved with SfiI and ligated into the pENTR-SfiI-223 vector [124] cut with the same restriction enzyme. All entry vectors were

confirmed to be error-free by sequencing. The coding sequence for SOB3 was then recombined into the bait vector pGBKT7

DNA-BD, while BZR1, HY5, PIF4, or PIF5 was recombined into the prey vector pGADT7 AD, using Gateway LR Clonase II Enzyme

Mix (Thermo Fisher Scientific). The Y2HGold Yeast Strain was sequentially transformedwith bait and prey plasmids. Yeast transform-

ants containing both bait and prey were grown on fresh SD medium lacking tryptophan and leucine and then transferred to SD me-

dium without tryptophan, leucine, histidine, and adenine for the binding assay. The binding assay was performed at 30�C for 4 days.

PIF3-HYH binding, previously demonstrated to occur in a pull-down assay, was used as a positive control [125].

For the data presented in Figures S5A and S5B, Y2H was performed using a GAL4-based Y2H system, essentially as described

previously, with pBTM116-GW-D9-SOB3 as the bait in the L40ccU3 yeast strain [9]. BZR1 or PIF4 in pENTR-SfiI-223 (described

above) was recombined into the pACT2-GW prey vector using Gateway LR Clonase II Enzyme Mix (Thermo Fisher Scientific). Yeast

transformants containing both bait and prey plasmids were selected on SD medium lacking tryptophan and leucine. For the binding

assay, individual colonies were transferred directly to SDmedium containing 0.75mM3-amino-1, 2, 4-triazol (3-AT) and lacking tryp-

tophan, leucine, histidine, and uracil. Simultaneously, colonies were also plated on SD medium lacking only tryptophan and leucine,

in order to verify yeast viability.

QUANTIFICATION AND STATISTICAL ANALYSIS

Where indicated, differences between multiple means were analyzed using one-way analysis of variance (ANOVA) with post hoc

Tukey’s Honestly Significant Difference (HSD) or Tukey-Kramer test performed with the Real Statistics Resource Pack software

(Release 6.6.1; www.real-statistics.com) in Microsoft Excel. The twomeans in Figure S4Bwere compared using a two-tailedWelch’s
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t test. For gene ontology enrichment analysis via BINGO [109], the hypergeometric test was used and the Benjamini and Hochberg

False Discovery Rate (FDR) correction applied for calculation of the corrected p values reported in supplemental data files. Signif-

icance of overlaps between gene lists generated from RNA-seq and ChIP-seq data were evaluated using the hypergeometric test

performed using R version 3.4.1 (www.R-project.org).

DATA AND CODE AVAILABILITY

The RNA-seq and ChIP-seq datasets generated in this study are available on Gene Expression Omnibus: https://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE122456. Other source data used in the preparation of this manuscript, including morphological

measurements, average Ct values, and microscopic images are available on Mendeley: https://doi.org/10.17632/hp76dxbmwh.1.
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